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Solid  state  storage  of  hydrogen  in  the  form  of  a  reversible  metal  or  alloy  hydride  has  been  proven  to  be  a 
very  effective  and  compact  way  of  storing  hydrogen  and  its  isotopes  for  both  stationary  and  mobile 
applications.  Other  than  metal  based  systems,  a  wide  variety  of  materials  have  been  studied  for  this 
purpose  and  their  thermodynamic  properties,  storage  capacity,  etc.  have  been  determined.  Heat  transfer 
issues  form  an  important  consideration  for  the  engineering  design  of  a  metal  hydride  based  hydrogen 
storage  system,  hence  several  kinds  of  storage  beds  have  been  fabricated  and  their  performance 
analyzed.  The  kinetics  and  mechanism  of  these  hydriding  processes  for  various  types  of  storage 
materials  have  also  attracted  a  great  deal  of  interest.  This  work  summarizes  some  of  the  information 
available  on  solid  state  storage  of  hydrogen  isotopes  which  is  essential  for  the  engineering  design  of  a 
storage  system.  The  focus  is  on  the  engineering  and  technical  issues  and  the  practical  considerations 
pertinent  to  the  design  and  operation  of  such  storage  systems  for  various  applications. 
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1.  Introduction 

Hydrogen  is  often  described  as  being  the  fuel  of  the  future  [1], 
For  widespread  use  of  hydrogen  in  place  of  the  more  traditional 
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Nomenclature 

K 

permeability,  m2 

m 

reaction  rate,  kgm_3s_1 

A,B 

Van't  Hoff  constants  for  equilibrium  temperature- 
pressure  relation,  dimensionless  and  I<  1  respectively 

Mg 

molecular  weight  of  hydrogen  (or  its  isotope), 
gm  mol-1 

Ah 

convective  heat  transfer  area  available  in  the  bed,  m2 

ms 

mass  of  solid,  kg 

c 

density  of  solid  at  any  time,  kg  m~3 

P 

hydrogen  pressure,  Pa 

cPg 

specific  heat  capacity  of  the  gas,  J  kg~ 1  K  1 

Pe  q 

equilibrium  pressure  of  hydrogen  over  metal 

Cps 

specific  heat  capacity  of  the  solid,  J  kg-1  K_1 

hydride,  Pa 

css 

density  of  fully  hydrided  or  saturated  solid,  kg  m~3 

R 

universal  gas  constant,  8.314J  mol-1  K  1 

dp 

diameter  of  catalyst,  m 

t 

time,  s 

Ea 

activation  energy  of  the  hydriding  reaction,  kj/mol 

T 

lg 

absolute  gas  temperature,  K 

Ed 

activation  energy  of  the  dehydriding  reaction,  kj/mol 

Ts 

absolute  solid  temperature,  K 

hSg 

convective  heat  transfer  coefficient  from  hydrogen  to 

vs 

superficial  velocity  of  gas  in  the  porous  bed,  m  s  1 

solid  phase,  W  m~2  K  1 

Vs 

volume  of  solid  in  the  getter  bed,  m3 

H 

enthalpy  of  hydriding  reaction,  J  mol-1  K  1 

G 

void  fraction  in  the  hydride  bed,  dimensionless 

K 

frequency  factor  for  hydriding  reaction,  s_1 

P 

gas  viscosity,  Pa  s 

l<d 

frequency  factor  for  dehydriding  reaction,  s_1 

(p(-p)e 

effective  specific  heat  capacity  of  the  hydrogen-metal 

fee 

effective  thermal  conductivity  of  the  porous  solid, 

hydride  system,  J  kg-1  K  1 

Wm-1 1<  1 

Ps 

solid  density,  kg  m~3 

kg 

1<s 

thermal  conductivity  of  hydrogen,  W  m_1  I<  1 
thermal  conductivity  of  the  metal/metal  hydride, 
Wm-1  K  1 

Pg 

gas  density,  kg  m  3 

the  most  viable  options  for  both  short  and  long  term  storages  and 
handling  of  hydrogen  and  its  isotopes.  This  applies  to  stationary 
systems  like  laboratories,  fusion  energy  research  centers  as  well  as 
mobile  systems  like  automobiles,  mining  vehicles,  and  submarines 
and  so  on.  The  adsorbed  hydrogen  (or  its  isotopes  D,  T)  on  a  metal 
or  alloy  M  forms  MH3  (or  MD3  or  MT3)  by  chemisorption.  MH3  is 
dissociated  by  heating  and  hydrogen  is  liberated  from  the  solid 
phase.  On  cooling,  the  metal  or  alloy  quickly  reabsorbs  the  hydro¬ 
gen  gas  [2],  This  reversible  liberation  and  uptake  of  hydrogen  or 
deuterium  or  tritium  from  getter  beds  can  be  performed  many 
times  under  appropriate  conditions  depending  on  the  type  of 
material  chosen  without  loss  of  efficiency.  These  properties  of  the 
metal  hydrides  or  metal  tritides  make  them  excellent  hydrogen/ 
tritium  storage  and  pumping  materials.  The  major  advantage  of  this 
route  of  hydrogen  storage  is  that  a  large  amount  of  gas  can  be 
stored  in  a  very  small  volume  when  compared  to  traditional 
hydrogen  storage  methods  involving  compressed  gas  cylinders  or 
cryogenic  storage  of  liquid  hydrogen,  and  once  hydrogen  is  recov¬ 
ered  from  the  adsorbent  bed,  it  is  of  a  very  high  purity  as  well  [3], 
Despite  all  the  advantages  mentioned  above  the  actual  design 
of  a  solid  state  hydrogen  storage  system  presents  several  engi¬ 
neering  challenges  mainly  in  the  form  of  heat  transfer  issues,  poor 
chemical  kinetics  and  the  formation  of  possible  explosive  reaction 
mixtures  with  oxygen  and  moisture,  low  gravimetric  storage 
capacity  of  many  materials,  powder  formation  and  volume  expan¬ 
sion  of  the  storage  material  during  hydriding,  fatigue  based 
deformation  of  the  bed  under  cyclic  pressure  changes  and  ther¬ 
mal  loads,  as  well  as  safety  issues  on  account  of  the  toxic  and 
pyrophoric  nature  of  many  storage  materials.  No  one  material 
offers  the  best  set  of  thermodynamic  and  kinetic  properties,  but  it 
is  often  possible  to  engineer  the  storage  system  in  such  a  way  that 
an  optimal  design  is  obtained  for  a  chosen  storage  material.  It 
must  be  mentioned  that  the  choice  of  materials  as  well  as  the 
ultimate  system  design  is  mainly  governed  by  the  intended 
application,  whether  it  is  onboard  storage  for  vehicular  applica¬ 
tions  which  must  necessarily  be  more  compact  or  land  based 
tritium  storage  and  delivery  system  where  the  space  constraint 
often  arises  from  the  need  to  handle  all  tritium  based  systems 
inside  fume  hoods  or  glove  boxes.  Thus  different  system  designs 
have  been  proposed  and  they  have  their  own  merits  and  demerits. 


This  paper  presents  a  brief  overview  about  various  kinds  of 
hydrogen  storage  materials  developed  and  studied,  with  greater 
focus  on  the  design  considerations  for  the  storage  vessels,  the  heat 
and  mass  transfer  aspects  of  storage  and  the  computational 
models  developed  to  study  the  behavior  of  these  beds.  Most  of 
the  practical  applications  have  been  based  on  metal  based  systems 
and  this  review  places  emphasis  on  the  various  issues  pertinent  to 
such  systems. 

2.  Classes  of  materials  for  hydrogen  storage 

The  desirable  properties  of  a  storage  material  for  hydrogen  are 
generally  stated  to  be  high  gravimetric  and  volumetric  capacity, 
reversibility  of  hydriding  and  dehydriding  steps,  favorable  equili¬ 
brium  temperature-pressure  characteristics,  adequate  stability  of 
the  hydride  formed  and  low  sensitivity  to  impurities  present  in  feed 
gas.  All  the  desired  properties  are  yet  to  be  found  in  one  single 
material  even  after  decades  of  research  in  this  field.  Researchers 
have  examined  several  classes  of  materials  for  solid  state  hydrogen 
storage.  The  two  major  routes  by  which  hydrogen  is  immobilized  in 
a  solid  matrix  are  (i)  the  physical  adsorption  of  hydrogen  on  the 
storage  material  or  (ii)  the  dissociative  chemisorption  of  hydrogen 
gas  and  diffusion  of  atomic  hydrogen  in  the  solid  matrix,  under 
appropriate  conditions  of  temperature  and  pressure.  The  major 
groups  of  materials  are  briefly  reviewed  and  compared  in  the 
following  sections.  More  detailed  and  comprehensive  reviews  of 
the  materials  aspects  have  already  been  published,  some  of  the 
more  recent  ones  being  the  one  by  Dalebrook  et  al.  [37],  by  Durbin 
et  al.  [3]  and  Lototskyy  et  al.  [151], 

2.3.  Heavy  metals  and  their  alloys 

Storage  of  hydrogen  isotopes  as  a  metal  hydride,  deuteride  or 
tritide  is  one  of  the  most  common  methods  adopted  in  laboratories 
and  especially  in  tritium  handling  facilities  the  world  over  [4,5], 
Several  heavy  metals  especially  transition  metals  and  rare  earths 
and  more  commonly  their  binary,  ternary  and  more  complex  alloys 
have  been  studied  and  their  thermodynamic  and  kinetic  behavior 
evaluated  [6-9],  These  alloys  are  generally  represented  as  AB,  AB5 
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or  AB2  [10],  Detailed  studies  have  been  performed  for  many  of  these 
metals  and  alloys,  though  all  the  necessaiy  information  for  the 
design  of  an  actual  system  may  not  be  available  for  all  of  them  [11], 
particularly  kinetic  data  for  reactor  design,  data  pertaining  to 
thermal  cycling  behavior  of  the  materials  and  thermal  and  transport 
properties.  Calculated  and  experimental  values  of  the  heat  of 
hydriding  reactions  with  several  transition  metals  and  their  binary 
alloys  are  presented  by  Miedema  et  al.  [12],  while  Van't  Hoff  plots 
(i.e.  equilibrium  pressure-temperature  graphs)  for  various  other 
alloys  are  also  presented  elsewhere  [13-15],  Some  of  the  most 
widely  studied  materials,  both  from  a  materials  characterization 
point  of  view  and  systems  engineering  aspect  include  uranium, 
zirconium  cobalt  (ZrCo),  titanium,  lanthanum  nickel  (LaNi5),  ZrFe, 
ZrNi  and  some  others.  Much  useful  information  about  them  has 
been  summarized  by  several  authors  [10,11,16],  While  the  uptake 
process  is  generally  spontaneous  at  ambient  conditions  and  the 
release  also  does  not  need  infeasible  conditions  for  many  such 
alloys,  the  major  problem  in  their  usage  is  the  low  gravimetric 
storage  density  exhibited  by  them  (about  2-3%  by  weight  only). 
These  materials  have  generally  not  been  considered  for  mobile 
applications  but  their  proposed  usage  is  primarily  for  the  nuclear 
industry. 

For  tritium  storage  requirements  in  fusion  energy  research, 
uranium  and  ZrCo  have  been  identified  as  reference  materials  and 
therefore  they  have  been  widely  studied  and  compared  [17,18], 
Table  1  presents  a  comparison  of  these  two  candidate  materials  for 
tritium  storage  in  fusion  research  facilities. 

Depleted  uranium  is  available  in  the  nuclear  industries  but  it  is 
still  a  regulated  material  and  it  may  not  be  easily  available  every¬ 
where.  Moreover  there  are  some  other  problems  with  the  handling 
of  uranium,  viz.  uranium  powder  is  pyrophoric,  the  generation  of 
significant  tritium  pressure  requires  a  high  temperature  that  results 
in  permeation  of  tritium  through  the  vessel  wall  and  the  storage 
capacity  is  also  permanently  reduced  by  exposure  to  reactive 
impurity  gases  [18],  Uranium  is  generally  used  in  powder  form  since 
powder  would  offer  higher  surface  area  for  adsorption  but  very  fine 
powders  also  have  greater  pyrophoric  characteristics.  Experimental 
observations  suggest  that  spherical  particles  of  uranium  having  a 
size  greater  than  1/16  in.  will  not  spontaneously  ignite  in  air  [19], 

Out  of  numerous  binary  alloys  of  metals  examined  for  hydro¬ 
gen  isotope  storage,  especially  in  the  field  of  fusion  research,  ZrCo 
is  possibly  the  one  whose  thermodynamic  properties  with  respect 
to  hydrogen  storage  are  closest  to  those  of  uranium.  Hence  there  is 
an  increasing  interest  in  studying  this  material  further.  Unlike 


other  metal  combinations  (e.g.  La-Ni-Al),  ZrCo  has  low  level  of 
toxicity  and  does  not  need  to  be  refrigerated  for  hydrogen  isotope 
storage  [18], 

For  long  term  storage  of  tritium  when  frequent  recovery  and 
delivery  of  the  gas  are  not  needed,  titanium  has  been  envisaged  as 
a  good  material.  Titanium  is  an  inexpensive  metal  that  can  absorb 
and  store  tritium  in  a  compact  solid  form  at  a  pressure  of 
approximately  1.33  x  10  7  mbar  at  room  temperature.  It  is  used 
as  a  storage  medium  for  long  periods  and  retains  helium  from 
tritium  decay  to  a  concentration  of  0.3-1  atom  of  helium  on 
titanium  atoms.  Titanium  tritide  is  very  stable,  even  when  exposed 
to  air  and  is  much  less  pyrophoric  compared  to  the  parent  metal. 
But  it  is  difficult  to  recover  stored  tritium  on  titanium  bed  than  on 
other  metals,  it  being  necessary  to  provide  a  large  amount  of  heat 
for  desorption.  Unlike  depleted  uranium  which  produces  very  fine 
particles  upon  repeated  hydriding  and  dehydriding  which  are 
pyrophoric  in  air,  titanium  sponge  is  not  expected  to  be  so  reactive 
in  the  presence  of  moisture  and  air  under  typical  storage  condi¬ 
tions.  Since  titanium  powder  does  not  react  with  hydrogen  or  its 
isotopes  at  room  temperatures,  it  has  to  be  activated  by  heating  to 
500  °C  under  vacuum  conditions  (typically  10~6Torr)  so  that  the 
surface  impurity  layers,  mainly  oxide  layers  get  dissolved  in  the 
bulk  material,  thus  making  pure  metal  surface  available  for 
hydriding.  In  this  respect  it  is  similar  to  uranium  or  ZrCo  as  getter 
material.  Activation  temperature  has  been  shown  to  have  a  strong 
influence  on  the  adsorption  properties  of  sponge  titanium.  Typi¬ 
cally  3-4  h  are  needed  for  the  activation.  This  time  is  somewhat 
higher  than  the  time  required  for  activating  depleted  uranium  or 
ZrCo  beds.  The  dehydriding  temperatures  examined  are  typically 
around  550-600  °C.  This  is  somewhat  higher  than  the  typical 
desorption  temperatures  for  uranium  or  ZrCo.  The  heat  released  is 
80-160  kj/mol  of  hydrogen  adsorbed.  This  figure  is  somewhat 
higher  than  that  for  uranium  or  ZrCo.  Titanium  sponge  is  much 
less  dense  as  compared  to  uranium  powder,  its  density  being 
around  1-1.5  kg/1  [20,21], 

The  hydrogen  adsorption  properties  of  palladium  have  been 
well  known  for  a  long  time  [126],  Experimental  characterization  of 
the  thermodynamics  of  the  hydrogen-palladium  system  has  been 
performed  [127],  The  recent  focus  is  on  the  use  of  palladium  for 
hydrogen  storage  in  nanoparticle  form  as  opposed  to  bulk  form 
[128-130]  or  as  a  modifying  agent  for  other  classes  of  materials  like 
carbon  nanotubes  and  graphenes  [131-136],  Palladium  by  itself  has 
been  used  at  various  facilities  handling  tritium  for  storage  purposes 
but  it  suffers  from  the  disadvantage  of  low  gravimetric  loading 


Table  1 

Comparison  of  ZrCo  and  uranium  as  getter  materials  for  hydrogen/tritium  storage  [17,18], 


Point  of  comparison 


Depleted  uranium  versus  ZrCo  alloy 


Pyrophoric  nature 
Radioactive  characteristics 
Volume  expansion  on  hydride 
formation 
Powder  formation 
Reaction  kinetics 

Heat  release  during  adsorption/ 
reaction 

Reactions  with  impurities 

Disproportionation  reaction 

Hydrogen  dissociation  pressure 
Structural  changes  on  hydriding 
Hydriding  and  dehydriding 
temperatures 
Availability 
Storage  capacity 


Uranium  powder  is  much  more  pyrophoric  in  air  at  room  temperature  than  ZrCo  powder. 

Uranium  powder  handling  is  more  difficult  because  of  its  radioactive  nature,  unlike  ZrCo. 

Uranium  expands  by  about  75%  on  hydriding  whereas  ZrCo  expands  by  about  15-20%. 

ZrCo  powder  is  more  difficult  to  contain  than  uranium  dust. 

Under  identical  conditions,  uranium  absorbs  hydrogen  faster  than  ZrCo  and  is  less  sensitive  to  initial  hydrogen  content  in  the  solid. 
Desorption  rate  of  hydrogen  from  ZrCo  is  slower. 

Heat  release  during  hydriding  is  85  kj/mol  protium  for  uranium  whereas  it  is  97.5  kj/mol  T2  for  ZrCo. 

ZrCo  is  much  less  sensitive  to  the  presence  of  impurities  like  oxygen,  nitrogen  or  methane  in  the  hydrogen/tritium  stream  than 
uranium. 

Zr  undergoes  disproportionation  reaction  at  temperatures  above  350  C  and  high  hydrogen  pressure 
(ZrCoT„=0.5ZrT2+0.5ZrCo2+0.5*(l  -x)T2).  Uranium  exhibits  no  such  reactions  during  dehydriding. 

The  hydrogen  equilibrium  pressure  over  ZrCo  hydride  at  room  temperature  is  higher  than  that  over  uranium  hydride. 

There  is  structural  change  in  ZrCo  from  bcc  to  orthorhombic  on  hydriding.  No  such  structural  change  is  observed  in  uranium. 
Hydriding  of  both  materials  can  be  carried  out  at  room  temperature.  For  dehydriding  of  uranium  temperature  around  430  C  and  for 
ZrCo  temperature  around  350  C  have  been  recommended. 

Depleted  uranium  is  more  readily  available  than  the  specially  synthesized  alloy  ZrCo. 

The  storage  capacity  of  ZrCo  is  about  247.5  1/kg  and  that  of  uranium  is  156.1  1/kg  under  standard  temperature  and  pressure. 
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capacity  i.e.  the  maximum  palladium  to  hydrogen  or  tritium  ratio 
(on  atom  basis)  is  about  0.7  as  compared  to  about  3.0  for  uranium 
or  even  ZrCo.  But  the  advantage  that  palladium  offers  is  the 
relatively  low  temperature  of  350  °C  at  which  palladium  hydride 
can  be  regenerated  and  the  fact  that  palladium  powder  is  not 
pyrophoric  which  makes  its  handling  easier  [137],  The  lower 
regeneration  temperature  is  a  marked  advantage  of  palladium  as 
compared  with  uranium  or  titanium. 

2.2.  Carbon  based  materials 

Several  carbon  based  substrates  like  porous  carbon  and  carbon 
nanotubes  and  nanofibres  of  various  structures  have  been  studied 
for  their  hydrogen  storage  properties.  It  was  first  reported  by 
Dillon  et  al.  that  single  walled  carbon  nanotubes  having  diameter 
of  the  order  of  a  few  nanometers  allows  hydrogen  gas  to  condense 
to  a  high  density  of  about  5-10%  by  weight  inside  it,  thus  leading 
to  very  high  hydrogen  adsorption  by  this  class  of  materials  [22], 
Cheng  et  al.  summarize  storage  capacity  data  from  various  sources 
along  with  storage  temperature  and  pressure  for  several  kinds  of 
carbon  nanotubes.  There  is  considerable  variation  in  the  data  from 
various  groups  of  researchers,  thus  obtaining  reproducible  results 
from  adsorption  experiments  is  an  issue  with  nanotube  materials. 
The  structure  of  the  nanotubes  (i.e.  whether  they  are  single  walled 
or  multi-walled  or  in  the  form  of  fibers  or  ropes,  presence  of  other 
elements  or  doping  agents  like  lithium  or  potassium,  etc.)  affects 
the  hydrogen  uptake  properties  [23].  The  promising  feature  noted 
from  the  experiments  reported  is  that  the  adsorption  takes  place 
quite  effectively  even  at  room  temperature  and  also  moderate 
pressures  (about  1  -10  bar),  though  in  some  instances  much  higher 
storage  capacities  are  reported  for  higher  filling  pressures  of 
hydrogen.  Hydrogen  release  temperatures  range  from  300  1<  to 
600  K  depending  on  the  nature  of  the  nanotubes  [24].  It  has  also 
been  suggested  that  the  technique  of  reactive  ball  milling  of  the 
carbon  nanotube  material  in  hydrogen  atmosphere  for  prolonged 
duration  result  in  higher  hydrogen  adsorption  [24].  But  the  general 
view  about  hydrogen  storage  in  nanotubes  is  that  while  surpris¬ 
ingly  high  uptake  capacities  have  been  reported  in  several  cases, 
these  data  may  not  always  be  very  reliable  or  reproducible  and  the 
use  of  carbon  nanotubes  may  not  be  a  very  efficient  way  of  storing 
hydrogen,  given  the  low  or  even  cryogenic  temperature  and  high 
pressures  needed  for  a  meaningful  gravimetric  hydrogen  storage 
density  to  be  achieved.  Moreover,  cost  considerations  and  the  lack 
of  appropriate  technologies  for  large  scale  production  of  carbon 
nanostructures  are  also  deterrents  in  their  use  as  hydrogen  storage 
material. 

While  carbon  based  materials  may  not  actually  prove  to  be  very 
useful  for  storage  purposes,  they  play  an  important  role  as  a 
material  of  construction  in  the  form  of  carbon  fibers  which  are 
about  10  times  stronger  than  steel.  These  fibers  are  used  to 
reinforce  tanks  for  compressed  hydrogen  storage  at  pressures  of 
about  650  bar.  The  resultant  structure  is  much  lighter  in  weight 
than  an  equivalent  all-steel  structure  [34], 

Activated  carbon  is  one  well-known  material  for  adsorption  of 
hydrogen,  especially  under  cryogenic  conditions  and  high  hydrogen 
pressure  (typically  at  temperatures  of  77  I<).  The  chemical  treatment 
carried  out  to  prepare  the  activated  carbon  governs  its  porosity  and 
surface  properties,  thus  directly  affecting  its  hydrogen  storage 
behavior  [138,139],  Doping  of  the  carbon  sites  by  various  elements 
or  the  presence  of  elements  like  oxygen  have  also  been  shown  to 
have  only  a  negligible  effect  on  the  hydrogen  uptake  characteristics 
and  the  high  available  surface  area  for  hydrogen  adsorption  is 
generally  accepted  as  the  main  reason  for  it  to  be  considered  as  a 
hydrogen  storage  material  [140,141].  The  typical  adsorption  capa¬ 
cities  by  weight  percentage  reported  for  activated  carbon  range 
from  1%  to  7%  at  77  K  and  pressures  of  1-20  bar  respectively.  At 


pressures  slightly  above  ambient  (viz.  2-4  bar),  the  gravimetric 
capacities  reported  are  about  2-3%  which  is  only  slightly  greater 
than  that  available  from  metal  and  alloy  systems.  Additionally 
cryogenic  conditions  have  to  be  maintained  to  enable  the  use  of 
activated  carbon  for  hydrogen  adsorption  and  storage.  Recovery  of 
stored  hydrogen  at  ambient  temperatures  is  possible  but  the 
storage  behavior  of  these  materials  is  not  very  conducive  for  the 
design  of  compact  systems  having  ease  of  operation. 

2.3.  Nitrogen,  boron,  lithium,  aluminum  and  magnesium  based 
materials 

Many  light  element  compounds  are  known  that  have  high 
gravimetric  hydrogen  capacities.  However,  most  of  these  materials 
are  thermodynamically  too  stable,  and  they  release  and  store 
hydrogen  much  too  slowly  to  be  useful  for  practical  use.  New 
light  element  chemical  systems  involving  strategies  like  destabi¬ 
lization  have  been  developed  by  some  researchers  that  have  high 
hydrogen  capacities  while  also  having  thermodynamic  properties 
better  suited  for  hydrogen  storage  applications  [25], 

Boron  and  nitrogen  based  materials  have  been  studied  for  their 
hydrogen  storage  capacities  in  connection  with  the  operation  of 
PEM  fuel  cells,  though  not  as  such  in  the  nuclear  fusion  context 
[26].  These  materials  are  often  referred  to  as  chemical  hydrogen 
storage  materials  or  chemical  hydrides  [34],  Boron  compounds  like 
sodium  or  lithium  borohydrides  and  ammonia  borane  as  well  as 
nitrogen  compounds  like  ammonia,  lithium  amide,  and  hydrazine 
have  been  quite  widely  studied  mainly  in  the  context  of  onboard 
storage  of  hydrogen  for  automobile  applications  [26],  These 
materials  while  showing  some  of  the  highest  hydrogen  capacities 
suffer  from  the  disadvantage  of  being  extremely  stable  compound, 
therefore  high  temperatures  of  around  600-900  K,  as  also  the  use 
of  catalysts  is  required  to  dissociate  them.  Various  details  regard¬ 
ing  their  use,  storage  capacity,  dissociation  properties  and  synth¬ 
esis  have  been  provided  elsewhere  [26],  Since  a  large  variety  of 
these  complex  hydrides  as  well  as  destabilized  hydrides  have  been 
synthesized  and  studied  for  the  storage  applications,  it  is  neces¬ 
sary  to  have  some  guidelines  for  selecting  some  materials  for  a 
particular  purpose  are  also  required,  which  have  been  provided 
based  on  thermodynamic  criteria  [27], 

Magnesium  and  aluminum  based  hydrides  (i.e.  alanates)  have 
also  been  studied  extensively  and  a  great  deal  of  effort  has  been 
made  to  improve  their  thermodynamic  characteristics,  hydrogen 
adsorption  kinetics  and  long  term  usability  after  several  cycles  of 
hydriding  and  dehydriding  by  the  addition  of  other  elements  in  a 
way  similar  to  destabilization  of  boron  based  hydrides  [28,152],  A 
number  of  comprehensive  reviews  of  these  materials  have  been 
published,  with  information  about  the  most  pertinent  thermody¬ 
namic  and  kinetic  parameters  for  storage.  Out  of  these,  magnesium 
based  compounds  and  titanium  or  zirconium  doped  sodium  ala¬ 
nates  (doped  NaAlH6)  appear  quite  promising  [28,29,34-36],  A 
review  of  the  properties  of  sodium  alanate  based  systems,  with 
focus  on  how  doping  improves  the  thermodynamic  and  kinetic 
properties  of  these  substances  with  respect  to  hydrogen  storage  has 
been  recently  published  [150,151],  The  prospects  of  aluminum 
hydride  itself  as  a  material  for  hydrogen  storage  have  been 
discussed  thoroughly  elsewhere  [153].  Unlike  many  of  the  heavy 
metal  hydrides,  these  lighter  element  hydrides  show  high  gravi¬ 
metric  storage  capacity  but  the  major  issue  with  their  use  is  the 
requirement  of  high  temperature  even  for  the  adsorption  step,  not 
to  mention  the  desorption  step,  though  in  many  cases  the  tem¬ 
perature  for  desorption  is  somewhat  lower  than  that  for  the  heavy 
metal  hydrides.  Even  if  adsorption  is  possible  at  ambient  conditions, 
the  stability  of  these  materials  under  thermal  cycling  and  the 
retention  of  the  uptake  capacity  after  a  given  number  of  cycles 
are  often  in  question  28],  Moreover  finding  suitable  structural 
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materials  for  fabricating  the  bed  is  an  issue  with  the  high  tempera¬ 
ture  hydrides,  since  there  may  be  solid-state  interactions  and  phase 
change  reactions  between  the  storage  and  the  construction  materi¬ 
als.  But  even  after  an  enormous  amount  of  research  work  dedicated 
to  these  materials  there  is  yet  to  be  found  one  or  even  one  limited 
set  of  materials  having  all  desirable  attributes  for  hydrogen  storage 
applications. 

2.4.  Metal  organic  frameworks  (MOFs) 

Metal  organic  frameworks  represent  a  class  of  materials  which 
are  capable  of  storing  significant  quantities  of  hydrogen  in  a 
physically  adsorbed  form.  These  are  chemical  compounds  having 
a  metal  ion  or  ions  which  are  coordinated  with  an  organic 
molecule  and  the  structure  of  these  compounds  is  porous.  This 
porous  framework  offers  a  large  specific  surface  area  for  hydrogen 
adsorption,  thereby  acting  as  a  storage  medium.  These  properties 
were  first  reported  about  a  decade  back  for  MOF-5  (having 
composition  of  Zn40(BDC)3,  BDC  being  1,4-benzenedicarboxylate) 
under  both  ambient  and  cryogenic  conditions.  It  was  seen  that  this 
material  could  adsorb  up  to  4.5  wt%  of  hydrogen  at  cryogenic 
conditions  and  1  bar  pressure  and  1%  under  ambient  conditions 
with  pressure  being  20  bar  [30],  Subsequently  several  different 
frameworks  have  been  studied,  the  thermodynamic  properties  like 
heat  of  adsorption  have  been  evaluated  and  theoretical  modeling 
of  the  hydrogen  uptake  behavior  of  these  materials  have  been 
undertaken  [31,32].  The  high  surface  area  available  in  these 
structures  and  the  possibility  of  improving  the  hydrogen  storage 
behavior  of  these  materials  through  the  introduction  of  other 
metal  ions  like  Li+,  Cu2+,  Mg2+,  etc.  have  led  to  extensive 
research  work  (synthesis,  characterization  and  study  of  hydrogen 
uptake)  involving  MOFs  [32],  It  has  been  demonstrated  theoreti¬ 
cally  by  considering  around  4000  MOF  species  that  the  species 
with  specific  surface  of  3100-4800  m2  g  m_1  have  the  maximum 
volumetric  hydrogen  storage  capacity  and  further  increase  of 
surface  area  does  not  appreciably  increase  storage  performance 
[154],  This  enables  researchers  to  focus  on  those  MOFs  with 
surface  areas  in  this  range  and  improve  their  other  properties  by 
suitable  techniques  like  adequate  mechanical  strength  of  the  MOF 
structure  and  thermodynamic  properties.  The  introduction  of 
more  polarized  links  and  reduction  in  pore  dimensions  in  the 
MOF  has  been  shown  to  have  positive  effect  on  its  hydrogen 
adsorption  capacity  [155].  The  generally  accepted  mechanism  of 
hydrogen  uptake  by  MOF  is  the  polarization  of  the  hydrogen 
molecule  by  the  metals  present  in  the  framework  and  its  electro¬ 
static  stabilization  [156].  Dissociative  chemisorption  of  hydrogen 
on  to  the  porous  network  has  been  thought  of  as  a  potential 
method  to  increase  the  hydrogen  uptake  capacity  of  MOFs  and  this 
has  mechanism  has  shown  to  enhance  the  storage  capacity  of 
MOF-5  and  IRMOF-8  by  8  times  [32,157].  The  major  issue  with 
them,  as  with  carbon  nanotubes,  is  the  requirement  of  cryogenic 
conditions  and  high  hydrogen  pressure  to  achieve  the  high 
gravimetric  and  volumetric  storage.  Thus  it  is  necessary  to  find 
suitable  agents  (metal  ions,  etc.)  that  could  modify  MOF  properties 
favorably  and  allow  hydrogen  to  be  stored  in  them  under  amb¬ 
ient  conditions  of  temperature  and  moderate  hydrogen  pressure 
(e.g.  up  to  10  bar). 

2.5.  Zeolites 

Zeolites  are  crystalline  alumino-silicate  materials  having  highly 
ordered  structures  and  uniform  pore  sizes.  They  have  proven  to  be 
good  adsorbents  for  various  gases  like  hydrogen,  moisture,  carbon 
dioxide,  etc.  Study  of  these  materials  for  hydrogen  storage  applica¬ 
tions  is  a  logical  extension  [142-149],  At  high  pressures  (up  to 
900  bar)  and  high  temperatures  (up  to  350  °C)  hydrogen  can  be 


forced  into  the  porous  structure  of  zeolites  where  it  can  remain 
confined  even  when  room  temperature  conditions  are  maintained 
[143],  This  mechanism  of  hydrogen  loading  is  termed  encapsula¬ 
tion  and  it  is  highly  dependent  on  the  pressure,  temperature  and 
nature  of  cations  present  in  the  zeolite  framework.  By  the  mechan¬ 
ism  of  encapsulation,  it  has  been  observed  that  only  a  low  gravi¬ 
metric  loading  is  achieved,  even  at  high  pressures  of  hydrogen, 
ranging  from  0.1%  to  0.6%  by  weight.  The  other  mechanism  of 
hydrogen  storage  is  physisorption  and  this  is  accomplished  at 
cryogenic  temperatures  (e.g.  77  K)  only  with  low  hydrogen  pres¬ 
sures  [143],  The  adsorption  capacity  is  dependent  on  the  pore  size  in 
the  zeolite  network.  At  77  K  and  40  bar  pressure,  a  maximum 
loading  capacity  of  2.55%  by  weight  has  been  observed  for  NaX 
zeolites  [144,145].  The  physisorption  adsorption  capacities  have 
been  explained  through  the  Langmuir  adsorption  model  which 
assumes  that  a  monolayer  of  the  gas  forms  on  the  available  sites 
for  storage.  Improvements  in  room  temperature  hydrogen  storage 
have  been  achieved  through  the  doping  of  the  zeolite  structure  with 
palladium  and  similar  metals  [148].  Bridging  techniques  and  the 
mechanism  of  spillover  have  been  used  to  enhance  hydrogen  uptake 
in  zeolites  in  low  and  ambient  temperature  conditions  [146],  The 
available  surface  area  for  adsorption  is  quite  strongly  correlated  to 
the  ultimate  storage  capacity  when  physisorption  is  the  dominant 
mechanism  of  hydrogen  uptake  [147],  Apart  from  zeolites,  various 
other  nanoporous  materials  for  hydrogen  storage  have  also  been 
studied  recently,  especially  for  larger  pore  sizes  [149],  It  has  been 
seen  in  these  studies  that  hydrogen  uptake  decreases  with  increase 
in  pore  size  of  the  solid  matrix,  thus  showing  the  importance  of 
surface  area  of  the  medium  in  taking  up  hydrogen  and  retaining  it. 

The  hydrogen  storage  and  release  properties  of  the  various 
candidate  materials  as  discussed  above  are  summarized  and 
compared  in  Table  2. 

3.  Thermal  issues  in  solid  state  hydrogen  storage  systems 

The  solid  state  storage  of  hydrogen  in  the  form  of  various 
hydrides  or  physically  adsorbed  forms  is  accompanied  by  exother¬ 
mic  adsorption  based  phase  change  processes  while  recovery  is  an 
endothermic  process  [33].  From  the  brief  discussion  about  the 
major  classes  of  solid  materials  studied  for  hydrogen  storage 
applications,  it  is  very  clear  that  efficient  heat  removal  during  the 
adsorption  step  and  heat  supply  during  recovery  of  the  adsorbed 
hydrogen  are  the  major  areas  of  engineering  research  pertinent  to 
solid  state  hydrogen  storage.  Thus  knowledge  about  the  thermo¬ 
dynamic  properties  (heat  of  reaction,  equilibrium  pressure  versus 
temperature  relation  for  a  given  material)  and  thermal  proper¬ 
ties  (thermal  conductivity,  heat  capacity)  as  well  as  adsorption 
or  reaction  kinetics  is  necessary  in  order  to  design  a  system  for 
hydrogen  storage  [33],  For  hydrogen  based  vehicular  applications,  it 
has  been  estimated  that  the  average  cooling  requirement  during 
hydrogen  charging  or  adsorption  is  about  0.7  MW  [33],  This  shows 
the  importance  of  having  an  efficient  cooling  system  alongside  the 
storage  bed.  Similarly  during  dehydriding  there  is  an  equivalent 
heating  requirement  for  the  bed.  Thus  the  provision  of  heating  and 
cooling  arrangements  along  with  the  arrangement  to  contain  the 
storage  medium  suitably  is  an  integral  part  of  the  system  design. 

During  adsorption  there  is  a  need  to  remove  heat  from  the  bed,  so 
that  nearly  isothermal  conditions  can  be  obtained  and  advantage  can 
be  taken  of  the  bed  material's  high  reversible  adsorption  capacity  at 
lower  temperatures  for  all  kinds  of  solid  state  storage  systems.  The 
rate  of  heat  loss  to  the  ambient  (by  mechanisms  like  radiation  and/or 
natural  convection)  or  to  a  cooling  fluid  circulated  outside  the  bed  or 
conditions  like  hot  spot  formation  is  primarily  governed  by  the 
effective  thermal  conductivity  of  the  metal  hydride  powder  i.e. 
conduction  through  the  gas-solid  bed  matrix  is  the  main  heat  transfer 
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Table  2 

Summary  of  hydrogen  storage  properties  of  various  classes  of  materials. 


Material 

Typical  form 

Advantages 

Disadvantages 

Metals 

Uranium 

turnings/powder 

Titanium  pellets/ 
sponge 

Palladium 

powder 

Fast  kinetics,  hydrogen  uptake  at  ambient 
temperature  and  pressure  possible  with  powder, 
favorable  thermodynamic  properties,  widely  studied 
and  used  for  storage 

No  reaction  with  ambient  air,  much  less  pyrophoric 
compared  to  uranium,  not  radioactive 

Not  radioactive  or  pyrophoric  even  in  powder  form, 
relatively  low  regeneration  temperature  for 
hydrogen  recovery 

Radioactive  material,  toxic,  pyrophoric  in  powder 
form,  susceptible  to  poisoning  by  02,  N2,  large 
volumetric  expansion  on  hydriding 

Relatively  high  regeneration  temperature  for 
hydrogen  recovery,  so  suitable  for  long  term 
storage,  lower  storage  capacity  compared  to 
uranium 

Low  gravimetric  storage  density  among  metals 

Metal  alloys 

Powder/chips/ 

pellets 

Tunable  hydrogen  storage  properties  depending  on 
metals  present  in  alloy,  wide  variety  of  metal 
combinations  can  be  used 

Special  synthesis  techniques  needed  for  each  alloy 

Carbon 

Porous  carbon, 
activated  carbon, 
nanotubes,  fibers 

Opportunity  of  tuning  storage  properties  by 
changing  synthesis  techniques  and  adding  doping 
elements  like  palladium,  recovery  of  hydrogen  at 
ambient  conditions  possible 

All  usable  forms  have  to  be  specially  synthesized 
and  treated,  high  pressure  and  cryogenic 
temperature  of  hydrogen  needed  to  load 
appreciable  amounts  of  hydrogen  on  carbon 

Light  elements 

Chemical 
hydrides  of  N,  Li, 

Al,  Na,  B 

High  gravimetric  density  of  hydrogen  as  compared 
to  heavy  metal  based  systems,  property  tuning 
possible  and  destabilization  techniques  can  be 
applied  to  improve  thermodynamic  properties 

Most  compounds  are  thermodynamically  too 
stable,  very  slow  kinetics  of  hydriding  and 
dehydriding,  high  temperature  and  pressure 
needed 

Metal  organic 

Crystalline 

High  surface  area  and  pore  volume  allow  hydrogen 

High  pressure  and  cryogenic  temperature  of 

frameworks 

powder 

to  be  physically  adsorbed,  recovery  at  ambient 
temperature  possible,  fast  kinetics,  durability  over 
many  cycles 

hydrogen  needed  to  load  appreciable  amounts  of 
hydrogen  on  carbon,  have  to  be  synthesized 
specially,  loss  of  surface  area  on  exposure  to  air 

Zeolites 

Beads/pellets 

High  surface  area  and  pore  volume  allow  hydrogen 
to  be  physically  adsorbed,  gas  recovery  at  ambient 
temperature  or  above  ambient  temperature  possible, 
much  less  expensive  compared  to  any  other  material 

High  pressure  and  cryogenic  temperature  of 
hydrogen  needed  to  load  appreciable  amounts  of 
hydrogen  on  carbon 

mechanism  at  work  [38].  The  effective  thermal  conductivity  of  the 
powder  is  quite  low,  typically  lying  in  the  range  of  0.5-2  W/mK  for  a 
wide  variety  of  metal  hydrides  [33],  There  are  various  factors  on  which 
the  value  of  effective  thermal  conductivity  depends,  mainly  the 
pressure  of  the  gas  in  the  pores,  the  particle  size,  bed  porosity  or  void 
fraction  and  there  are  a  variety  of  correlations  proposed  in  literature  to 
calculate  the  thermal  conductivity  of  metal  hydride  beds  based  on 
these  parameters  [39,40,113],  But  most  of  these  correlations  assume  a 
mono-disperse  particle  size  distribution  and  the  range  of  particle  sizes 
examined  to  arrive  at  these  correlations  are  larger  (in  the  range  of 
millimeters)  than  the  powder  particle  sizes  (in  the  range  of  10-50 
micron)  in  typical  well  activated  metal  hydride  beds.  In  the  absence  of 
data  about  a  given  system  this  range  of  values  can  be  used  as  an 
approximation.  Several  specific  studies  pertaining  to  the  characteriza¬ 
tion  of  the  pertinent  thermal  properties  of  metal  hydrides  and  other 
solid  state  media  have  also  been  published  [41-45],  An  experimental 
technique  for  measurement  of  metal  hydride  thermal  conductivity  at 
various  hydrogen  pressures  has  been  described  by  Sun  et  al.  [55]  and 
Suissa  et  al.  [56],  This  is  particularly  important  since  it  is  quite  difficult 
to  predict  the  effective  thermal  conductivity  of  these  materials  with 
existing  correlations.  Other  than  metal  hydrides,  studies  have  been 
carried  out  with  carbon  based  materials  as  well,  like  graphite-metal 
hydride  composites  [46,47], 

Various  ways  have  been  proposed  in  literature  to  enhance  the 
thermal  conductivity  of  the  metal  hydride  and  thus  improve  the 
cooling  properties  of  the  bed.  One  of  the  simplest  techniques 
proposed  is  to  add  copper  or  aluminum  balls  a  few  millimeters  in 
diameter  to  the  metal  bed  [48],  This  has  the  effect  of  reducing  the 
gravimetric  hydrogen  storage  density,  when  taking  the  entire  storage 
bed  into  consideration  because  of  the  addition  of  mater¬ 
ials  that  do  not  contribute  to  hydrogen  uptake.  Other  additives 
proposed  include  expanded  natural  graphite  fibers,  which  when 
added  to  the  extent  of  10%  by  volume  to  the  metal  powder  enhances 
the  effective  thermal  conductivity  to  about  10  W/mK  [33],  Another 
way  of  overcoming  the  problem  of  low  effective  thermal  conductivity 


is  to  run  the  hydriding  operation  by  circulating  the  hydrogen  gas 
through  the  bed  in  a  loop  instead  of  charging  all  the  hydrogen  at  once 
and  then  carrying  out  the  operation  in  a  batch  mode.  The  effective 
thermal  conductivity  of  a  stagnant  gas  filled  metal  hydride  bed  is  far 
less  than  that  of  a  bed  with  a  flow  of  gas  through  it  [110,111  ].  Though 
this  method  may  complicate  the  design  of  the  bed  and  the  associated 
piping,  it  is  surely  a  better  option  than  the  inclusion  of  other  parasitic 
materials  into  the  bed  and  it  also  is  an  efficient  way  of  cooling  the  bed 
without  using  any  other  cooling  fluid.  Other  than  adding  spheres  of 
copper  or  aluminum,  it  has  also  been  proposed  to  insert  solid 
matrices,  wire  meshes,  metal  foams,  etc.  having  high  thermal  con¬ 
ductivity  into  the  hydride  bed  and  thus  improve  the  effective 
conductivity  [38,48,49,58-61].  Inclusion  of  metallic  plates  of  copper 
to  divide  the  bed  cross  section  into  a  number  of  sectors  is  both 
beneficial  for  improving  the  heat  transfer  as  well  as  ensuring  uniform 
distribution  of  the  powder  in  the  bed  and  better  contact  of  the  gas 
with  the  entire  amount  of  solid  charged  in  the  vessel.  Another 
method  proposed  for  thermal  conductivity  enhancement  is  the  use 
of  metal  hydride  compacts  [50-52],  The  metal  powder  is  mixed  with 
a  powder  of  aluminum  or  tin  and  the  mixture  is  cold  pressed  to  form 
a  compact.  In  this  form  the  bed  thermal  conductivity  is  enhanced 
significantly  and  the  thermal  cycling  characteristics  are  also  improved 
greatly  [38],  More  recently,  the  direct  synthesis  of  carbon  nanotubes 
has  been  proposed  for  drastic  improvement  of  bed  thermal  conduc¬ 
tivity  [53],  It  has  been  estimated  that  the  bed  thermal  conductivity  of 
about  10  W/mK  is  attained  by  this  method.  A  list  of  effective  thermal 
conductivities  for  various  metal  hydride  systems  has  also  been 
provided  by  Murthy  [54], 


4.  Design  of  storage  beds  for  hydrogen  isotopes 

A  variety  of  bed  designs  to  contain  the  solid  state  storage 
material  have  been  proposed  by  different  researchers  [62-69],  The 
fabrication  and  use  of  these  beds  has  mainly  been  in  the  field  of 
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tritium  storage  for  fusion  energy  research,  so  they  are  based  on 
uranium,  ZrCo,  ZrFe,  etc.  alloys.  Almost  all  the  tritium  handling 
plants  use  metal  getter  beds  for  short  and  long  term  storage  of 
tritium.  Thus  beds  of  various  designs  have  been  fabricated  and 
their  performance  has  been  studied.  Some  of  the  general  features 
of  these  designs  are  reviewed  in  the  following  sections  and  some 
general  guidelines  for  the  design  and/or  selection  of  the  beds  are 
provided. 

4.1.  General  considerations 

Hydrogen  isotope  storage  beds  are  generally  of  the  double 
containment  type,  particularly  when  tritium  is  to  be  stored  in 
them.  This  is  for  lowering  permeation  losses  to  the  ambient  and 
recovering  the  permeated  hydrogen.  The  primary  storage  con¬ 
tainer  is  most  often  a  cylindrical  vessel,  made  of  SS  316  L.  This 
material,  other  than  possessing  high  temperature  strength  is  also 
quite  resistant  to  hydrogen  induced  embrittlement  and  is  also 
suitable  for  welded  construction  as  it  is  much  less  susceptible  to 
sensitization  reactions.  Occasionally  oxygen  free  copper  blocks 
with  cylindrical  holes  bored  into  them  have  been  used  as  com¬ 
partments  for  accommodating  the  getter  material  [112],  Alumi¬ 
num  vessels  have  been  used  for  tests  with  low  temperature 
hydrides  [67],  Permeation  losses  through  the  primary  vessel  walls 
can  also  be  minimized  through  the  use  of  permeation  barriers 
(e.g.  oxide  layers  or  coatings  on  the  inner  walls)  [114], 

Both  horizontal  and  vertical  bed  configurations  have  been  used 
and  studied.  The  horizontal  beds  present  a  larger  exposed  surface 
area  of  the  getter  material  to  the  gas  and  they  can  allow  for 
relatively  free  thermal  expansion  during  heating.  In  case  of  vertical 
vessels,  the  powder  is  generally  contained  within  upper  and  lower 
porous  disks  of  sintered  steel  placed  inside  the  bed,  so  that  the 
fines  of  getter  material  produced  in  hydriding-dehydriding  cycles 
are  mostly  confined  within  the  bed  and  do  not  contaminate  other 
equipments  or  instruments  of  the  loop.  The  typical  pore  size  of 
these  sintered  disks  or  filters  is  about  2-5  micron.  As  an  alter¬ 
native  to  stainless  steel  sintered  disks,  ceramic  sintered  disks  can 
also  be  used  but  the  maximum  allowable  temperature  for  these 
disks  is  about  450  °C.  Ceramic  disks  have  the  risk  of  cracking  under 
pressure  or  at  high  temperatures.  In  some  designs,  tubes  made  of 
sintered  steel  have  been  packed  with  the  getter  material  and 
the  hydrogen  is  introduced  outside  (i.e.  on  the  shell  side).  This 
allows  for  more  uniform  contact  of  gas  with  the  getter  material 
and  narrow  tubes  essentially  reduce  the  diffusion  path  length  of 
the  gas  through  the  solid,  so  that  the  diffusion  related  trans¬ 
port  resistances  to  mass  transfer  are  minimized  and  better  heat 
removal  is  possible  during  hydriding.  But  a  horizontal  configura¬ 
tion  also  demands  more  space  requirements  (this  is  a  particularly 
important  consideration  when  the  vessel  has  to  be  placed  inside  a 
glove  box)  and  the  bed  fabrication  (especially  a  multi-tubular 
arrangement)  is  also  more  difficult.  A  multi-tubular  bed  incorpo¬ 
rates  within  itself  a  double  contained  arrangement,  the  packed 
tube  acting  as  the  primary  vessel  and  the  shell  acting  as  the 
secondary  containment.  For  a  vertical  vessel,  the  secondary  con¬ 
tainment  is  in  the  form  of  an  outer  vessel  (like  a  jacket).  Some 
designs  in  which  the  primary  vessel  is  suspended  from  the  top 
closure  or  flange  of  the  secondary  vessel  have  been  provided 
[62,112],  This  allows  for  free  expansion  of  the  primary  vessel  when 
it  is  heated  and  reduces  thermal  stresses  that  would  have  other¬ 
wise  developed  if  the  inner  vessel  were  constrained.  The  annular 
space  within  these  vessels  is  evacuated  for  preventing  conductive 
and  convective  heat  losses  during  dehydriding  phase.  Reduction  of 
radiation  heat  losses  is  accomplished  by  placing  stainless  steel 
radiation  shields  in  the  annulus.  An  inert  gas  like  helium,  nitrogen 
or  argon  can  be  circulated  in  the  annulus  for  heat  removal  during 
hydriding  phase.  This  gas  stream  can  also  be  useful  for  collecting 


any  hydrogen  or  tritium  that  permeates  through  the  walls  of  the 
inner  vessel  and  subsequently  trapping  it  in  another  scavenger 
bed  (if  gaseous  hydrogen  isotope  is  present)  or  a  moisture  trap 
(if  moisture  or  tritiated  moisture  is  present)  [2], 

The  primary  vessel  in  which  the  solid  is  to  be  held  is  often 
divided  into  sectors  through  the  use  of  copper  segments  or  strips 
[65],  This  ensures  uniform  distribution  of  the  solid  over  the  face  of 
the  bed  which  is  exposed  to  hydrogen.  This  is  particularly  true  for 
large  diameter  shallow  beds.  Narrow  diameter  tubes  will  have 
intrinsically  better  packing  of  the  solid  within  them.  For  shallow 
beds,  to  ensure  uniform  packing,  a  vibrator  arrangement  may  have 
to  be  used  or  the  bed  may  have  to  be  tapped  lightly  after  solid 
loading,  so  that  the  charged  solids  are  spread  uniformly  and  do  not 
form  a  heap  just  below  the  solid  charging  port  or  nozzle. 

The  beds  are  generally  designed  to  in  such  a  way  that  a  certain 
known  amount  of  hydrogen  isotope  can  be  introduced  into  it  and 
it  can  be  allowed  to  react  with  the  getter  material  till  the  pressure 
drops  to  the  equilibrium  pressure  at  the  operating  temperature.  At 
this  point  the  reaction  stops  and  there  is  no  more  uptake  of 
hydrogen  by  the  getter  bed.  This  is  essentially  a  batch  operation. 
The  heat  release  rate  during  hydriding  is  governed  by  the  amount 
of  hydrogen  introduced  and  the  kinetics  of  the  hydriding  reaction. 
To  enhance  heat  dissipation  during  hydriding,  a  flow-through 
arrangement  in  which  the  hydrogen  is  recycled  through  the  bed 
may  be  used.  To  limit  temperature  rise  during  this  phase,  the  total 
amount  of  hydrogen  to  be  stored  may  be  introduced  into  the  bed 
in  smaller  batches  instead  of  all  at  once. 

The  selection  of  the  length  to  diameter  ratio  for  the  storage  bed 
is  governed  by  factors  like  the  bed  configuration  (horizontal  or 
vertical),  batch  operation  or  recirculation  operation  and  the  heat 
transfer  area  available  at  different  length  to  diameter  ratios.  For 
batch  operations,  a  shallow  bed  which  presents  greater  surface 
area  of  the  solid  to  the  gas  and  for  recirculation  mode  operations,  a 
narrow  configuration  which  allows  for  higher  superficial  velocity 
through  the  bed  and  better  heat  removal  are  recommended.  The 
bed  height  or  length  should  be  sufficient  to  allow  heating  coils 
or  tapes  to  be  wound  properly  while  the  diameter  should  be 
sufficient  to  allow  nozzles  for  gas  inlet  and  outlet  ports,  ports  for 
thermocouples,  etc.  to  be  placed  on  the  top  closure.  The  total 
external  surface  area  of  the  bed  varies  with  the  length  to  diam¬ 
eter  ratio  and  the  surface  temperature  of  the  storage  vessel 
for  different  configurations  should  be  estimated  to  arrive  at  an 
optimal  value  for  a  given  application. 

For  tritium  storage,  the  storage  vessel  may  be  provided  with  the 
provision  for  tritium  assay  using  adiabatic  calorimetry.  This  involves 
utilizing  the  heat  liberated  upon  radioactive  decay  of  tritium 
(0.324  W/g  m  of  tritium)  to  helium-3  to  bring  about  a  measurable 
temperature  rise  in  an  inert  gas  stream  (generally  helium)  passing 
through  the  bed.  This  temperature  rise  enables  one  to  determine 
the  quantity  of  tritium  in  the  bed.  Thus  additional  ports  on  the 
vessel  closure  and  a  gas  flow  channel  through  the  bed  have  to  be 
provided  for  calorimetric  determination  of  tritium  content  in  the 
bed.  This  may  not  be  a  necessity  in  case  of  smaller  beds  for  short 
term  storage  of  tritium  but  when  large  amounts  of  tritium  have  to 
be  stored  and  retrieved  later,  then  it  is  imperative  to  accurately 
estimate  the  quantity  of  tritium  actually  remaining  in  the  bed  after  a 
long  period  of  time.  Calorimetry  is  not  applicable  if  it  is  required  to 
determine  the  amount  of  hydrogen  or  deuterium  stored  in  a  bed 
since  they  are  not  radioactive.  For  estimating  the  quantity  of  these 
isotopes,  pressure-volume-temperature  based  techniques  are  used. 

4.2.  Bed  heating  and  cooling  arrangements 

Heating  of  the  vessel  and  its  contents  is  required  during  the 
dehydriding  phase.  Most  often  electrical  heating  is  utilized.  Where 
a  secondary  vessel  has  not  been  provided  around  the  primary 
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vessel,  the  heating  coil  or  tape  heater  may  be  wound  around  the 
outer  surface  of  the  vessel.  A  cartridge  heater  may  also  be  placed 
inside  the  vessel  if  the  vessel  diameter  is  not  too  large. 

Cooling  arrangements  generally  involve  passing  a  gas  through 
the  annular  space  between  primary  and  secondary  vessels.  In 
addition  the  inner  vessel  may  be  provided  with  fins  to  enhance 
heat  transfer.  Tritium  containing  vessels  will  have  to  be  handled 
inside  glove  boxes,  thus  the  maximum  outer  surface  temperature 
of  the  vessel  has  to  be  limited  to  about  60  °C  in  order  to  prevent 
damage  of  the  gloves  during  handling  of  the  vessel.  In  case  of  a 
single  contained  vessel,  cooling  may  also  be  accomplished  by 
providing  brazed  cooling  coils  over  the  outer  surface  of  the  vessel 
through  which  cooling  fluid  (generally  an  inert  gas  or  water)  may 
be  circulated.  For  double  contained  vessels,  brazed  cooling  coils 
have  been  used  but  the  design  becomes  slightly  more  complicated 
and  more  penetrations  are  required  on  the  top  flange  or  vessel 
closure  to  accommodate  the  coolant  inlet  and  outlet  connections. 

A  more  elaborate  design  involving  a  coiled  tube  heat  excha¬ 
nger  integrated  with  the  bed  has  been  proposed  by  Visaria  and 
Mudawar  [67],  The  bed  has  been  fabricated  for  withstanding 
pressure  up  to  280  bar.  The  coil  occupies  only  about  7%  of  the 
bed  volume  but  it  has  reportedly  increased  the  hydriding  rate  by 
75%.  The  coil  has  been  so  designed  to  provide  adequate  contact  of 
nearly  all  the  solid  with  the  coolant  during  hydriding  phase.  The 
storage  material  in  this  case  was  TiuCrMn  and  the  material  of 
construction  was  aluminum. 


5.  Kinetic  models  of  hydriding  and  dehydriding  reactions 

The  importance  of  studying  the  kinetics  of  hydriding  and 
dehydriding  processes  cannot  be  overemphasized.  It  is  directly 
related  to  the  time  it  will  take  a  given  material  to  adsorb  hydrogen 
at  a  given  pressure  and  temperature  or  to  recover  hydrogen  from  a 
bed.  For  storage  applications  in  the  hydrogen  based  automobile 
industry,  the  time  of  filling  and  discharge  of  hydrogen  from  a  solid 
bed  is  of  utmost  importance,  so  it  is  for  the  fusion  energy  sector 
where  tritium  and  deuterium  will  have  to  be  supplied  to  the 
plasma  at  required  rates  on  demand.  Therefore  the  kinetics  of 
hydrogen  uptake  and  desorption  have  been  studied  extensively  for 
many  metals  and  alloy  systems  under  various  conditions  of 
temperature  and  pressure  [70-104],  The  kinetic  behavior  exhib¬ 
ited  by  these  systems  is  quite  different,  depending  on  the  materi¬ 
als.  Moreover  the  hydrogen  pressure  and  temperature  range 
studied  are  all  quite  different,  leading  to  differences  in  kinetics 
observed.  For  the  fusion  energy  field,  the  kinetics  of  hydriding  and 
dehydriding  of  the  relatively  simpler  heavy  metal  and  metal  alloy 
systems  (U,  ZrCo,  ZrFe2,  etc.)  are  much  more  relevant  while  a 
larger  variety  of  alloys  and  complex  hydrides  are  potential  candi¬ 
dates  for  the  automobile  industry. 

The  hydriding  or  dehydriding  reaction  is  mostly  visualized  as  a 
typical  gas  solid,  non-catalytic  reaction  comprising  the  usual  steps  of 
adsorption,  penetration  through  surface,  internal  diffusion  and  che¬ 
mical  reaction  [71  ].  The  method  of  analysis  used  is  usually  similar  to 
the  shrinking  core  model  or  modified  versions  of  it.  The  rate 
determining  step  is  usually  reported  to  be  the  internal  diffusion  step 
or  the  growth  and  nucleadon  of  the  hydride  phase  (P  phase). 
Generally  the  rate  equations  have  been  so  formulated  so  as  to  have 
some  kind  of  power  law  dependence  on  gas  concentration  [105],  But 
when  thermogravimetric  techniques  have  been  utilized  to  follow 
the  kinetics,  the  rate  equation  is  generally  formulated  in  terms  of 
the  weight  fraction  of  metal  hydrided  or  dehydrided.  For  many  of  the 
kinetic  studies  exhibited  above,  kinetic  parameters  (i.e.  rate  constants 
and  activation  energy  values)  have  been  reported.  The  rate  constant 
value  is  expected  to  differ  even  for  the  same  material  examined  under 
similar  conditions  and  this  difference  may  be  attributed  to  the 


difference  in  the  way  of  preparation  of  the  base  metal  or  alloy  and 
its  state  of  activation.  Moreover  the  bed  design  also  has  a  significant 
role  to  play  in  controlling  the  overall  reaction  characteristics.  In  many 
cases  involving  magnesium,  the  use  of  other  metal  doping  agents  (e.g. 
Zr,  V,  Ni,  etc.)  have  been  shown  to  improve  the  hydriding  kinetics.  The 
use  of  metals  or  their  alloys  in  the  form  of  nanoparticles  has  also  been 
shown  to  improve  the  hydriding  kinetics  [96]  but  this  may  not  always 
be  a  feasible  way  of  enhancing  hydrogen  adsorption  or  desoiption 
rates  because  the  technology  for  the  large  scale  production  and  quality 
control  of  nanoparticles  is  yet  to  be  developed,  thus  this  technique  is 
expensive  and  hard  to  implement  widely  as  of  now.  Further  most  of 
the  alloys  and  metals  that  react  with  hydrogen  also  react  with 
moisture  or  oxygen,  sometimes  with  explosive  violence.  The  chemical 
reactivity  and  pyrophoricity  hazards  are  also  greatly  enhanced  when 
these  materials  have  to  be  handled  in  nanoparticle  forms.  The  study  of 
hydrogen  adsorption  on  uranium  is  especially  relevant  to  the  field  of 
fusion  research,  thus  there  are  several  works  devoted  to  the  study  of 
kinetics  of  hydriding  and  dehydriding  of  uranium  [105-108].  Similarly 
ZrCo  and  its  hydriding  and  dehydriding  kinetics  have  been  investi¬ 
gated  by  a  number  of  investigators  [17,18,68,69], 

It  is  advisable  to  study  the  kinetics  of  the  particular  material  being 
considered  for  a  given  application  before  further  design  calculations 
are  done.  Since  the  sizing  of  a  storage  bed  is  often  done  based  on 
stoichiometric  uptake  of  hydrogen  by  the  solid,  the  kinetics  is  not 
very  relevant  but  to  determine  rates  of  heat  removal  and  supply,  it  is 
necessary  to  know  the  kinetics.  In  the  absence  of  facilities  to  study  or 
determine  the  kinetics,  conservative  estimated  are  necessary  based 
on  literature  data  for  similar  systems.  It  has  been  reported  that  most 
hydriding  reactions  are  essentially  completed  within  a  few  minutes, 
provided  the  material  is  well  activated  and  is  in  the  form  of  a  free 
flowing  powder  [109],  so  along  with  the  enthalpy  of  reaction  for  the 
given  material,  this  can  provide  some  estimation  of  the  heat 
generation  rate  during  hydriding  and  therefore  the  heat  removal 
capability  required  during  the  hydriding  process  so  that  nearly 
isothermal  conditions  can  be  achieved. 


6.  Technological  difficulties  in  solid  state  hydrogen  storage 

The  solid  state  immobilization  and  storage  of  hydrogen  is  certainly 
an  attractive  option  particularly  when  safety  and  compactness  of  the 
storage  system  are  of  prime  concern.  The  successful  implementation 
of  hydrogen  based  automobile  systems  requires  that  the  storage  issues 
be  addressed  first.  The  principal  challenge  to  be  overcome  before 
hydrogen  can  be  extensively  stored  as  a  solid  hydride  is  the  develop¬ 
ment  of  an  appropriate  material  that  has  all  (or  nearly  all)  the 
desirable  qualities  for  the  particular  application.  Once  a  material  is 
shortlisted,  the  technology  of  synthesizing  that  material  on  a  large 
scale  has  to  be  developed.  The  design  of  a  suitable  container  for  the 
storage  bed,  selection  of  appropriate  materials  of  construction  and 
fabrication  technologies  and  associated  heating  and  cooling  systems 
for  it  can  be  further  improved  before  one  particular  design  is 
standardized,  for  stationaiy  storage  applications  or  for  fusion  energy 
programs.  Some  other  technological  issues  that  have  to  be  taken  care 
of  after  a  material  is  selected  are  briefly  mentioned  below  [57,115]: 

i).  All  the  materials  for  hydrogen  storage  examined  so  far  need  an 
initial  activation  step  that  involves  evacuating  the  container 
having  the  storage  matrix  in  it  at  high  temperatures,  followed 
by  exposure  to  hydrogen  at  high  pressure.  The  material  must 
thus  be  hydrided  and  dehydrided  several  times  till  a  free  flowing 
activated  powder  is  obtained  that  readily  adsorbs  hydrogen.  The 
difficulty  is  that  the  highly  active  powder  not  only  adsorbs 
hydrogen  but  also  reacts  with  gases  like  oxygen,  nitrogen  and  its 
oxides,  moisture,  etc.  These  side  reactions  reduce  the  adsorptive 
capacity  of  the  metal  for  hydrogen.  It  has  been  suggested  that 
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the  surface  of  the  solid  matrix  be  protected  by  techniques  such 
as  fluorination  i.e.  pre-treatment  with  potassium  fluoride/hydro¬ 
fluoric  acid  solution  that  increases  the  surface  area  of  the  matrix 
and  allows  it  to  be  most  selective  to  reactions  with  hydrogen 

[116]. 

ii) .  The  volume  expansion  of  the  solid  matrix  on  hydriding  and  its 

subsequent  break-up  into  fine  powder  changes  the  packing 
characteristics  of  the  bed  affects  its  heat  transfer  behavior  by 
altering  the  effective  thermal  conductivity  of  the  matrix  and 
induces  large  mechanical  stresses  on  the  bed  walls.  Horizon¬ 
tally  oriented  beds  are  better  for  dealing  with  the  problems  of 
induced  mechanical  stresses.  Also  sufficient  void  volume  has 
to  be  provided  in  the  bed  to  take  care  of  volume  expansion  on 
hydriding. 

iii) .  After  several  hydriding-dehydriding  cycles,  the  alloy  based  mate¬ 

rials  often  suffer  disproportionation  reactions,  segregation  into 
different  elements  instead  of  remaining  as  the  alloy  and  disin¬ 
tegration.  All  these  cause  a  loss  of  adsorptive  capacity. 

iv) .  True  equilibrium  conditions  are  very  often  not  attained 

during  hydriding  and  dehydriding  steps.  The  actual  pressure 
temperature-composition  behavior  of  any  material  depends 
greatly  on  the  engineering  design  of  the  system  and  this 
reduces  the  amount  of  hydrogen  that  can  actually  be  recovered. 

v) .  Low  cost  materials  and  material  synthesis  techniques  need  to 

be  developed.  Additionally,  low  temperature,  low  pressure 
materials  should  also  be  developed  since  for  high  pressure 
materials,  the  container  vessel  wall  thickness  increases  greatly 
heavy  and  lowers  the  thermal  efficiency  of  the  process  since  a 
large  amount  of  thermal  energy  has  to  be  provided  to  just 
heat  the  vessel  during  the  dehydriding  step. 


laws.  The  values  of  these  constants  are  specific  to  the  particular 
metal  or  alloy  storage  medium  and  the  particular  hydrogen 
isotope  being  considered. 

vi) .  The  velocity  of  the  gas  in  the  porous  region  can  be  expressed 

through  Darcy’s  law. 

vii) .  The  heat  loss  to  the  ambient  or  to  a  cooling  fluid  circulating 

outside  the  bed  can  be  incorporated  in  the  wall  boundary 
condition  by  the  use  of  an  overall  heat  transfer  coefficient,  if  it 
is  assumed  that  the  coolant  temperature  remains  almost 
constant.  Otherwise  a  separate  energy  balance  equation  has 
to  be  written  for  the  coolant. 


The  typical  governing  equations  used  for  numerical  simulation 
of  the  temperature  and  composition  profiles  in  the  bed  are  shown 
in  Eqs.  (1)-(13)  [119,121,124], 

Material  balance  for  hydrogen: 


dp  „ 

e“dt +V'(/,«Vg)=  ~m 


(1) 


Material  balance  for  the  solid: 


dms 

dt 


=  Vsm 


(2) 


Energy  balance  for  the  gas: 

~if  =  —  v- fei) ii) iii) iv)  v-^g)  +  fbgA/,  (Ts  -  Tg)  -  vgV  ( PgCpgTg'j 

—  mCpgTg  (3) 


7.  Computational  models  of  solid  state  hydrogen 
storage  beds 

A  significant  amount  of  effort  has  been  directed  to  the  math¬ 
ematical  modeling  and  simulation  of  the  performance  of  the 
hydrogen  storage  beds  [117-124],  especially  containers  using  the 
concept  of  reversible  hydrides  for  hydrogen  storage.  Both  com¬ 
mercially  available  computational  packages  (like  COMSOL™  and 
FLUENT™)  as  well  as  in  house  codes  have  been  used  for  these 
studies.  The  principal  aims  for  these  studies  have  been  to  obtain 
composition  and  temperature  profiles  for  the  beds  as  functions  of 
time  and  position  (radial  and/or  axial)  on  the  bed.  Simulations  as 
well  as  experimental  studies  have  also  been  performed  to  study 
the  stress-strain  distributions  in  the  bed  [125], 

For  the  simulation  studies  the  bed  is  generally  visualized  as 
having  two  sections  (and  hence  two  computational  zones  or 
domains)  -  one  being  the  porous  metal/metal  hydride  (i.e.  the 
porous  solid  part)  and  the  other  being  hydrogen  gas  only  (i.e.  the 
additional  expansion  volume  filled  with  hydrogen).  The  typical 
assumptions  made  to  arrive  at  a  mathematical  model  of  the 
storage  bed  are  the  following  [119,121,124]: 

i) .  The  gaseous  zone  and  the  porous  solid  zone  are  in  thermal 

equilibrium  (i.e.  the  same  temperature  variable  is  used  for  both). 

ii) .  The  porous  solid  is  isotopic  and  uniform  (i.e.  thermal  con¬ 

ductivity,  density,  specific  heat,  porosity  are  the  same  in  radial 
and  axial  directions). 

iii) .  The  gas  is  an  ideal  gas. 

iv) .  Solid  thermal  properties  do  not  change  significantly  with  the 

extent  of  hydriding. 

v) .  The  equilibrium  pressure  versus  temperature  relationship  can  be 

related  through  the  Van’t  Hoff  law  and  the  kinetics  of  hydriding 
and  dehydriding  can  be  expressed  through  Arrhenius-type  rate 


Energy  balance  for  the  solid: 

(l-e  )psCp/-§>  =  -  (ksV2.Ts)  -  hsgAh  (Ts  -  Tg)  -  m(AH -  CpsTs ) 

(4) 

If  the  gas  and  solid  temperature  are  taken  as  the  same  based  on 
assumption  (i)  mentioned  above,  the  single  energy  balance  equa¬ 


tion  is  written  as 

(Pcp)e^r+  (Pgcpg)  ( vg-vT )  =  V.(keVT)  +  mAH  (5) 

Rate  equation  for  hydriding  step: 

m  =  ka  exp(^)In(^)(css-c(t))  (6, 

Rate  equation  for  dehydriding: 

ril  =  kdeXp(^)(P^)Css  <7) 

Effective  thermal  conductivity: 

ke  =  e  kg  +  (l  —  e  )ks  (8) 

Effective  specific  heat  capacity: 

(PCp)e=  e  (PgCpg)  +(1  —  e)(/’sCps)  (9) 

Darcy’s  law: 
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Kozeny-Carman  equation: 


150(1-  e)2 


this  field.  This  review  thus  introduces  a  reader  to  the  various 
aspects  of  this  field,  right  from  materials  research,  to  the  actual 
engineering  and  design  of  the  system,  as  well  as  its  mathematical 
modeling. 


Gas  density  from  ideal  gas  law: 


Pg  = 


MeP 

JiT 


Van't  Hoffs  law: 
In  (Peq)  =A  —  (B/T) 


(12) 


(13) 


The  numerical  integration  of  all  these  coupled  equations  along 
with  appropriate  boundary  conditions  and  initial  conditions 
enables  one  to  determine  the  temperature  and  concentration 
distribution  in  the  bed.  Boundaiy  and  initial  conditions  differ  from 
case  to  case  (depending  on  geometry  of  the  system)  and  thus  they 
have  no  generalized  forms  and  so  are  not  presented  here. 


8.  Summary  and  conclusions 

Solid  state  hydrogen  storage  systems  have  been  studied  widely, 
especially  from  the  materials  point  of  view.  There  is  a  great  variety 
of  materials  that  have  attracted  attention  because  of  their  unique 
advantages  with  respect  to  hydrogen  storage  but  they  also  present 
practical  difficulties  with  respect  to  the  conditions  for  hydriding 
and  dehydriding  and  the  maximum  storage  capacity  achievable 
from  them.  Materials  like  uranium,  titanium  and  some  binary 
alloys  of  Zr,  Co,  Ti,  etc.  have  been  used  in  the  nuclear  industry  for 
tritium  storage.  Other  materials  like  carbon  nanotubes,  zeolites 
and  MOFs  have  also  been  studied  in  this  context.  The  benefits  and 
difficulties  associated  with  each  class  of  material  have  been 
pointed  out  in  this  paper.  All  in  all,  metal  and  metal  alloy  based 
systems  appear  to  hold  the  most  promise  for  solid  state  hydrogen 
storage  for  both  mobile  and  stationary  applications. 

Apart  from  providing  an  overview  of  the  material  options 
available  to  users,  this  article  focuses  on  the  engineering  aspects 
of  designing  a  practical  solid  state  hydrogen  storage  system  using 
metallic  getter  materials.  This  activity  requires  the  knowledge  of 
thermodynamic,  transport  and  kinetic  behavior  of  the  chosen 
metal-hydrogen  system.  Such  information  has  been  reported 
extensively  in  literature  and  an  enormous  and  steadily  increasing 
body  of  information  has  been  built  up.  These  data  are  important 
for  the  engineering  design  of  any  hydrogen  storage  system.  At  the 
heart  of  such  a  system  lies  a  pressure  vessel  that  has  to  be 
designed  while  keeping  in  mind  the  process  requirements  and 
necessary  safety  features.  Compactness,  proper  heat  supply  and 
removal  arrangements  and  built  in  safety  features  have  to  be 
considered  while  designing  the  vessel.  Various  such  designs  have 
been  proposed,  each  having  their  own  advantages  and  disadvan¬ 
tages.  The  most  important  issue  in  the  design  of  such  a  system 
pertains  to  effective  heat  supply  and  removal  for  the  recovery  and 
the  hydriding  phases  respectively,  for  which  various  design  con¬ 
cepts  have  been  implemented.  This  review  presents  several 
important  concepts  for  efficient  bed  design  and  engineering  of 
the  storage  system.  Other  than  the  vessel  design,  several  techno¬ 
logical  challenges,  arising  from  low  storage  capacity,  loss  of 
capacity  after  certain  number  of  cycles,  poisoning  of  the  getter 
material,  that  have  to  be  overcome  before  solid  state  storage  of 
hydrogen  isotopes  becomes  a  widely  used  process.  Despite  the 
large  number  of  materials  studied  so  far,  no  one  material  has  yet 
been  found  to  be  suitable  in  all  respects  for  hydrogen  storage  thus 
providing  the  impetus  necessary  for  further  research  activities  in 
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